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Introduction
The epidermis presents a significant potential for somatic gene therapy in the treatment of inherited and acquired skin diseases. 1 Skin keratinocytes are easily accessible and expanded in culture, and retain the ability for continuous self-renewal through the proliferative potential of a cell stem population. 2, 3 Grafting of in vitro reconstituted epithelia is routinely used to regenerate epidermis in patients with burn injuries and chronic ulcers. The risk of complications is low, because implants are easily monitored and excised if needed.
The ability of transduced human keratinocytes to synthesize and secrete biologically active recombinant proteins has been demonstrated. Human growth hormone, apolipoprotein E and the coagulation cascade factor IX are successfully delivered by genetically modified keratinocytes. [4] [5] [6] Expression of ornithine-␦-aminotransferase by engineered keratinocytes has also been used to develop a metabolic system for clearing ornithine from circulation, 7 and recently the transglutaminase 1 cDNA has been transduced into keratinocytes from patients presenting with lamellar ichthyosis to recover enzymatic activity and restore the cutaneous barrier function. 8 Whether the epidermis may constitute a target tissue for gene therapy of genetic disorders affecting structural proteins and components of the extracellular matrix, however, remains an open question.
In the skin, perturbed expression of the structural proteins crucial for the integrity of the dermal-epidermal adhesion zone results in epidermolysis bullosa (EB), a group of heritable blistering disorders that comprises clinical manifestations amenable to treatment by gene therapy. Among them, the mild junctional forms of EB (JEB) appear particularly suitable, because these conditions do not require treatment of the whole integument. 9 JEB is a recessively inherited genodermatosis characterized by continuous blistering, consequent to mechanical trauma, with tissue separation within the lamina lucida of the basement membrane of the dermalepidermal junction. The various clinical forms of JEB have been associated with mutations in the genes encoding the hemidesmosome components and laminin-5, the major adhesion ligand of squamous and transitional epithelia. 10 Hemidesmosomes are specialized junctions that maintain strong adhesion of epithelia to basement membrane and connective tissue. 11 Ultrastructurally, hemidesmosomes appear as dense thickenings of the basal plasma membrane of the basal keratinocytes that connect the intermediate filaments of the cytoskeleton to the anchoring filaments. The anchoring filaments extend through the lamina lucida to the lamina densa of the basement membrane zone, and bridge the hemidesmosomes with the anchoring fibrils of the upper dermis. 12 These adhesion complexes are thought to mediate signaling between the cell and the extracellular matrix.
Laminin-5 is a heterotrimeric glycoprotein comprising an ␣3, ␤3 and ␥2 chain which is encoded by distinct genes. 13 Synthesized and secreted by the basal epithelial cells, laminin-5 mediates epithelial cell adhesion via integrin ␣3␤1 in focal adhesions, 14 and integrin ␣6␤4 in hemidesmosomes. 15 In the skin, it colocalizes with the anchoring filaments, and provides a specific substrate for adhesion of proliferating and migrating cells. In the extracellular matrix, laminin-5 is found in two predominant forms comprising a species with a molecular mass of 440 kDa which is processed into a form of 400 kDa by proteolytic cleavage of the ␥2 chain. 16 Genetic mutations blocking the expression of laminin-5 result in the lethal, generalized form of JEB (H-JEB), a condition characterized by extensive blistering of the epithelia and synthesis of rudimentary hemidesmosomes. In vitro, H-JEB keratinocytes do not assemble hemidesmosomal structures (defined as SAC, for stable anchoring contacts), and adhere poorly to the tissue culture support. 17 These cells, therefore, constitute a useful model system to evaluate the capacity of JEB keratinocytes treated by somatic gene therapy to re-express biologically active adhesion proteins and restore the assembly of the supramolecular cell adhesion structures that assure the cohesion of the integument.
In this work, we demonstrate that corrective gene transfer of H-JEB keratinocytes leads to the full phenotypic reversion of the diseased cells. The cured keratinocytes generate artificial epithelia assembling mature stable anchoring complexes.
Results
Synthesis of recombinant laminin-5 by transduced keratinocytes from a H-JEB patient To revert phenotypically adhesion-defective epithelial cells, we used secondary cultures of keratinocytes obtained from a H-JEB patient carrying a homozygous mutation (183delCA) in the gene (LAMB3) coding for the laminin ␤3 chain. This mutation is a deletion of two nucleotides (CA) at position 183 of the laminin ␤3 cDNA (GenBank accession number L25541), that generates a premature termination codon causing decay of the aberrant ␤3 messenger RNA (not shown). As a consequence, these H-JEB keratinocytes do not synthesize the laminin ␤3 chain and do not produce laminin-5. The wild-type full-length cDNA for laminin ␤3 was then introduced into the H-JEB keratinocytes by retrovirusmediated gene transfer. The vector was a pLXSN retroviral construct carrying a neomycin selectable marker (neo r ) and the laminin ␤3 cDNA driven by the promotorenhancer LTR sequences of MoMSV sequences (Figure 1 ). Controls were parental H-JEB keratinocytes before and after infection with the retrovirus vector pLXSN expressing the neo r gene (HK-LXSN cells). The transduced cultures were enriched in infected cells by partial selection for neomycin resistance in the presence of G418. After 10 days, the number of keratinocytes expressing the transgene (HK␤3) was estimated by image analysis of randomly chosen areas of exponentially growing cell cultures double-labeled with pAb ␤3B and mAb GoH3, directed against the laminin ␤3 and integrin ␣6 polypeptides, respectively, that react with non-differentiated keratinocytes. All the keratinocytes were stained by mAb GoH3, while 80% of them was also reactive to pAb ␤3B, which indicated that the remaining cells (20%) were non-infected parental H-JEB keratinocytes. Expression of the recombinant laminin ␤3 chain was further monitored by immunofluorescence analysis of the recipient cells using mAb K140, that recognizes the laminin ␤3 polypeptide, 16 and mAb GB3, which reacts with the native laminin-5 heterotrimer. 18 The intense cytoplasmic staining and labeling of the extracellular matrix deposited on the tissue culture substrate by the HK␤3 cells confirmed that the synthesis and secretion of a native recombinant laminin-5 had taken place in all the keratinocytes expressing the recombinant ␤3 polypeptide (Figure 2a ). No immunoreactivity was noted with the parental H-JEB keratinocytes.
Immunoprecipitation analysis of conditioned medium from HK␤3 cell cultures using antibodies specific to each distinct chain of laminin-5 identified polypeptides that in SDS-PAGE electrophoresis migrated with an apparent molecular mass of 165, 155, 145 and 105 kDa, identical to that of the polypeptides that constitute the precursor and processed forms of extracellular laminin-5 ( Figure 2B ). 16 The ratio between the amount of the processed (105 kDa) and the unprocessed (155 kDa) laminin ␥2 chain appeared equimolar, which is indicative of a correct maturation of the recombinant laminin-5 protein.
Enhanced adhesion of reverted H-JEB keratinocytes to the culture substrate Expression of recombinant laminin-5 enhanced the adhesion capacity of HK␤3 keratinocytes that required longer exposure to trypsin than the parental H-JEB counterparts and HK-LXSN cells to be detached from the plastic tissue culture support. The adhesion properties of HK␤3 cells seeded on different culture substrates were therefore further investigated. Adhesion of HK␤3 keratinocytes to BSA, collagen IV, laminin-1 and fibronectin substrates was significantly higher (740, 300, 490 and 160, 3, 6, 9) cells. Medium (1 ml) was immunoprecipitated using pAb SE144 (lanes 4, 5, 6) and mAb K140 (lanes 7, 8, 9) respectively) than that of the HK-LXSN cells, and similar to that of control normal human keratinocytes (Figure 3a) .
Figure 2 Restored expression of laminin-5 in H-JEB keratinocytes infected with the retroviral vector pLXSN␤3. (A) Immunofluorescence analysis of HK-LXSN (a, c) and HK␤3 (b, d) cells with mAbs K140 (a, b) specific to the laminin ␤3 chain, and GB3 specific to native laminin-5 (c, d). (B) Immunoprecipitation analysis of culture medium conditioned by control human normal keratinocytes (lanes 1, 4, 7), and HK-LXSN (lanes 2, 5, 8) and HK␤3 (lanes
Because it has been shown that the laminin-5-defective H-JEB keratinocytes seeded on collagen type IV, display hypermotility compared with normal controls, 17 we verified whether expression of the recombinant laminin-5 influences motility of the HK␤3 cells. The migration capacity of the 'cured' H-JEB keratinocytes was evaluated by plating suspensions of HK␤3 cells on collagen IV substrate coated with gold particles. 17 Compared with HK-LXSN keratinocytes, which migrated leaving long tracks behind them, HK␤3 cells demonstrated reduced motility. Migration index value was 19.8 for HK-LXSN keratinocytes, and 12.7 for HK␤3, representing a 35% reduction of cell locomotion (Figure 3b ). We therefore concluded that re-expression of the recombinant laminin-5 enhances adhesion of the HK␤3 keratinocytes and influences their migration in vitro.
Relocalized distribution of hemidesmosomal components in culture HK␤3 keratinocytes displayed a flat and spreading shape contrasting with the small and rounded shape of the HK-LXSN cells and parental H-JEB keratinocytes. In vitro, normal keratinocytes synthesize adhesion structures homologous to hemidesmosomes (SAC).
14 Consistent with the observation that laminin-5 induces formation of SAC that enhance cell adhesion and promote spreading, 19 absence of laminin-5 prevents formation of SAC in primary H-JEB keratinocytes. 17 To determine whether HK␤3 keratinocytes express and assemble SAC, cell suspensions were seeded on to plastic dishes and were subjected to immunofluorescence analysis using antibodies specific to the major hemidesmosome proteins. All the known hemidesmosome components displayed a basal and dotlike staining concentrated in the large 'leopard skin' patches characteristic of SAC formed in culture by normal keratinocytes, while as expected in HK-LXSN keratinocytes the fluorescence appeared diffusely distributed in the cytoplasm ( Figure 4A ). Examination by confocal immunofluorescence microscopy confirmed the basal localization of the hemidesmosome components in HK␤3 keratinocytes, and their non-polarized distribution in HK-LXSN cells ( Figure 4B) .
We further enquired whether the extracellular matrix deposited by HK␤3 cells on the tissue culture support could induce nucleation of SAC in the parental H-JEB keratinocytes. Examination of cell cultures in which the transduced HK␤3 cells and the nontransduced parental H-JEB keratinocytes were mixed in the approximate ratio of 8:2, revealed that the H-JEB cells migrating on extracellular matrix deposited by the HK␤3 keratinocytes nucleated SAC. In addition, our results demonstrated that formation of SAC requires close contact of the basal plasma membrane with the laminin-5-containing deposit. Indeed, as illustrated in Figure 4C , the H-JEB keratinocytes nucleated hemidesmosome-like structures exclusively in the areas in contact with the tracks of extracellular matrix layered down by HK␤3 keratinocytes, whereas no SAC are detected in areas in contact with the plastic culture support.
Adhesion of a reconstructed epidermis in vitro and formation of hemidesmosomes
To verify whether expression of laminin-5 enhances adhesion of artificial epidermis reconstructed in vitro using HK␤3 cells, suspensions of transduced H-JEB keratinocytes were seeded on to human dead de-epidermized dermis. At confluence, the keratinocyte cultures were exposed to air to obtain stratification into a multilayered epithelium. The organotypic cultures showed the hallmarks of complete differentiation into stratified epithelia presenting a well-organized and defined basal cell layer, a granular layer with cells rich in keratohyalin granules and a upper multilayered stratum corneum. Similar to the control normal human keratinocytes, the epithelia formed by the HK␤3 cells closely adhered to the dermis all along the dermal-epidermal junction ( Figure 5A ), while all the epithelia formed by the HK-LXSN and the parental H-JEB keratinocytes presented areas of large detachment from the underlying dermis and a fuzzy basal aspect all along the basement membrane zone.
Since it could be argued that in the reconstructed epidermis, separation of the epidermis from the matrix may result from technical artifacts, we verified whether in epithelia formed with HK␤␤ keratinocytes the improved adhesion to DED correlated with assembly of HD. Electron microscopy analysis of the epidermis reconstructed with the transduced keratinocytes re-expressing laminin-5 demonstrated that the basal cells assembled mature hemidesmosomes like the control epithelia obtained with normal human keratinocytes. The hemidesmosomes had the external cytoplasmic plaque linked to the keratin intermediate filaments of the cytoskeleton, and a subbasal dense plate connected to the anchoring filaments of the lamina lucida. In contrast, the parental H-JEB keratinocytes and the HK-LXSN cells generated epithelia similar to H-JEB skin, with sparse and rudimentary hemidesmosomes in the areas still adhering to the dermis. The cytoplasmic plaque and the sub-basal dense plates were absent. The anchoring filaments were also reduced in number ( Figure 5B ).
Figure 4 Relocalization of the hemidesmosomal components in the H-JEB reverted cells HK␤3. (A) Immunolocalization of integrin ␣6␤4 and BP180 in keratinocytes HK␤3. The cells were fixed 72 h after seeding, permeabilized 2 min with 0.1% Triton X100, and subjected to double immunofluorescence staining using mAb GoH3 directed against integrin ␣6 (a, b), 3E1 directed against integrin ␤4 (c, d), 233 specific to BP180 (e, f), and the anti-laminin ␤3 pAb ␤3B (not shown). In HK␤3 cells (b, d, f), staining displays the leopard skin-like pattern indicative of formation of SAC. In contrast, labeling of parental keratinocytes is diffusely distributed in the cytoplasm (a, c, e). (B) Immunolocalization of SAC by confocal scanning laser microscopy visualizes the rearranged distribution of integrin ␣6 (a, b), ␤4 (c, d) and BP180 (e, f) in HK-LXSN and HK␤3 keratinocytes. (C) Non-infected H-JEB cell migrating on a track of ECM deposited on the plastic tissue culture support by a HK␤3 keratinocyte. Immunofluorescence staining using mAb 233 (a), double staining with mAb 233 (yellow staining) and pAb ␤3B (red staining) (b). Bars, 50 m.

Discussion
H-JEB keratinocytes provide a promising model system for somatic gene therapy of heritable mechano-bullous diseases. Lack of expression of laminin-5 causes the severe complications of H-JEB. In the absence of this epithelial adhesion ligand, hemidesmosomes are not assembled. Consequently, anchoring of the keratinocyte to the extracellular matrix and association of the intermediate filaments to the plasma membrane are severely compromised. The positive dominant effect of a corrective transfer of a laminin-5 cDNA in these cells should therefore be easily monitored.
As a first step towards developing a gene therapy approach to skin blistering diseases, we undertook studies to determine whether expression of laminin-5 could re-establish assembly of the complex dermal-epidermal attachment structures in H-JEB keratinocytes. In a previous work, we described the re-expression of laminin-5 in the immortalized H-JEB keratinocytes LSV5-R infected with a retrovirus expressing a wild-type laminin ␥2 chain. 20 The transduced cells restructured focal adhesions, modified their morphology and motility, and improved their adhesion to the culture substrate, but failed to synthesize hemidesmosomal structures. These results contrasted with the observation that immortalized JEB keratinocytes deficient in the expression of integrin ␣6␤4 infected with retroviruses expressing the adequate wild-type transgene synthesize hemidesmosomal-like structures in vitro. 21 A possible explanation of the partial phenotypic reversion observed with LSV5-R keratinocytes could reside in the reduced amounts of recombinant laminin-5 produced by these cells. Since normal keratinocytes down-regulate the synthesis of laminin-5 along with culturing, 17, 22 we improved the culture conditions of primary H-JEB keratinocytes to obtain cell populations infected by retroviral vectors at a low number of passages in vitro. Based on immunoprecipitation analysis, the amount of recombinant laminin-5 synthesized and secreted by the transduced HK␤3 keratinocytes is similar to that produced by the wild-type primary human keratinocytes. In addition, compared with the immortalized LSV5-R cells that deposit scant amounts of mature laminin-5 on the culture substrate, the reverted HK␤3 keratinocytes efficiently process the recombinant laminin-5 into the mature 400 kDa form, which is readily detected in the extracellular matrix.
Consistent with the notion that the total level of expression of laminin-5 influences cell spreading and nucleation of SAC components in HaCaT keratinocytes, 19 and promotes adhesion of cultured JEB keratinocytes, 23 HK␤3 cells display a flattened shape and assemble SAC in vitro. The changes in morphology of HK␤3 keratinocytes clearly indicate that the laminin-5 secreted by these cells is biologically active and that efficient maturation of the protein constitutes a key factor in hemidesmosome formation. Moreover, the results obtained in the adhesion assays demonstrate that deposition of extracellular matrix containing laminin-5 markedly increases the adhesion of the reverted HK␤3 cells independently from the nature of the culture substrate on which the cells are grown.
Our results also show that parental H-JEB cells in contact with the extracellular matrix secreted by HK␤3 keratinocytes assemble SAC. This observation implies that the recombinant laminin-5 exerts a paracrine effect on the cells neighboring the cured H-JEB keratinocytes. Consistently, laminin-5 produced by the bladder epithelial cell 804G was reported to exert a paracrine effect both on adhesion of a variety of epithelial cell lines and on hemidesmosome preservation in the margins of human cornea explants. 24 The paracrine effect of the recombinant laminin-5 is of particular interest, because it implies that efficient adhesion of the epidermis reconstituted with engineered keratinocytes re-expressing extracellular matrix components does not necessarily require a homogeneous population of reverted cells. Our findings, therefore, indicate that efficient gene transfer of diseased keratinocytes preserving a high proliferative potential may not need further enrichment of the transduced cell populations to produce self-renewing epithelia. This idea was confirmed by the observation that organotypic cultures obtained with populations of keratinocytes containing approximately 80% of HK␤3 cells and 20% of parental H-JEB cells reconstituted epithelia in which the basal keratinocytes nucleated mature hemidesmosomes and adhered tightly to the mesenchyme. However, it cannot be excluded that parental H-JEB keratinocytes unable to synthesize hemidesmosomes are dislodged from the basal layer by the proliferating HK␤3 keratinocytes and persist within the multilayered epithelium.
A paracrine effect of laminin-5 would also be in agreement with the observation that transplantation of wildtype primary muscle cells into dystrophia muscularis (dy/dy) mice produce a gradient of diffusible laminin-2 accumulating around the proximal muscle fibers of the laminin-2-defective host. 25 In our organotypic skin culture model, diffusion of the recombinant laminin-5 within the basement membrane zone of the reconstituted epithelia was not demonstrated, mainly because the dead de-epidermized dermis used as a culture support retains a weak residual immunoreactivity to laminin-5 antibodies. Despite these limitations, our data clearly demonstrate that the reactive epitopes of laminin-5 detected on the dead dermis do not induce nucleation of hemidesmosomes, because such anchoring structures are exclusively found in reconstructed epithelia with basal keratinocytes actively layering an extracellular matrix containing laminin-5 on to the dermal support. Indeed, hemidesmosomal structures are not observed in artificial epithelia reconstituted with H-JEB keratinocytes that either produce no laminin-5, or, like LSV5 cells, secrete scant amounts of this adhesion ligand. 17, 20 In this system, the hemidesmosomes reconstitute in correspondence to the anchoring fibrils of the de-epidermized dermis. Therefore, as in normal skin, the laminin-5 deposited on the basement membrane induces formation of the anchoring filaments and mediates their connection with the collagen VII molecules on the basement membrane. 12 Since in JEB skin the papillary dermis assembles the anchoring fibrils, 26 resurfacing blister wounds with artificial epidermis obtained with reverted JEB keratinocytes is predicted to form the stable anchoring complexes that confer cohesion to the integument.
In conclusion, we have shown that transfer of a transgene restoring the expression of the major epithelial adhesion ligand in H-JEB keratinocytes regenerates artificial epithelia assembling the network of adhesion macromolecules present in the healthy skin. This is the first evidence that genetic treatment of inherited mechano-bullous conditions and extracellular matrix diseases is a realistic goal.
Materials and methods
Cell culture Human keratinocytes, obtained from a skin biopsy of a H-JEB patient and a healthy control were cultivated on an irradiated feeder-layer of mouse 3T3-J2 cells in a 3:1 mixture of Dulbecco's modified eagle's medium (DMEM) and Ham's F-12 medium (Life Technologies, Cergy Pontoise, France) supplemented as described. 27 Swiss mouse 3T3-J2 cells, 28 -CRE and -CRIP fibroblasts were grown in DMEM supplemented with 10% calf serum in the case of 3T3-J2 cells or 10% fetal calf serum in the case of -CRE and -CRIP fibroblasts. 29 
Plasmids and retroviral infection
The full-length open reading frame of cDNA for the laminin ␤ (GenBank accession number: L25541) was cloned downstream of the mouse sarcoma virus long terminal repeat (LTR) of plasmid pLXSN 30 to generate the replication-defective retroviral vector pLXSN␤3. The plasmids were amplified in E. coli XL1 blue, and purified using a plasmid purification kit (Qiagen, Courtaboeuf, France). High titer virus-producer cells were generated from the -CRIP packaging cell line using standard methods based on selection in the presence of G418. Fifteen clones were isolated and the one with the highest titer (5 × 10 5 c.f.u./ml) was used to infect the H-JEB keratinocytes. Integrity of retroviruses was verified by Southern blot analysis to detect the expected band in viral producer cells (not shown) after digestion with the restriction enzyme EcoRI. For retroviral infection, subconfluent secondary keratinocyte cultures were trypsinized and seeded (5 × 10 3 cells per cm 2 ) on a feeder-layer (3.5 × 10 4 cells per cm 2 ) of lethally irradiated producer CRIP cells. Three days later, the infected cultures were selected for neo r in the presence of culture medium containing 400 g/ml G418 (Sigma-Aldrich, St Louis, MO, USA).
Antibodies
Synthesis of laminin-5 was monitored using mAb GB3 18 that recognizes native laminin-5, mAb K140 16 and polyclonal antibody (pAb) ␤3B, specific to the laminin ␤3 chain; mAbs BM165 31 and pAb SE85, 32 specific to the laminin ␣3 chain, and pAb SE144, specific to the laminin ␥2 chain 33 were also used. Integrins ␣6 and ␤4, and BP180 were detected using mAbs GoH3, 34 3E1 (Life Technologies) and 233, 35 respectively.
Immunoprecipitation and Western analysis
Immunoprecipitation and Western analysis of cell extracts were performed using mAb K140 and pAb SE144 as already described.
20
Immunofluorescence procedures Immunofluorescence was performed as described previously, 20 except that the second mAbs were conjugated to Texas red (Dako, Glostrup, Denmark). To estimate the efficiency of infection of the cell cultures exposed to the retroviral vector pLXSN␤3, the cell layers were double stained using pAb ␤3B and mAb GoH3. The ratio between the number of cells expressing the transgene, stained by pAb ␤3B, and the total cell population, labeled by mAb GoH3, was estimated by image analysis of randomly chosen fields using a Biocom 500 image analysis system (Biocom, Les Ulis, France) coupled to a Zeiss Axiophot microscope.
Cell adhesion and migration assays
For adhesion assays, performed as previously described, 36 96-well plates were coated with 0.1% BSA in calcium-and magnesium-free phosphate-buffered saline (PBS), 10 g/ml collagen IV (Sigma-Aldrich) in 10 mm acetic acid, 10 g/ml laminin-1 (Sigma-Aldrich) in PBS, or 10 g/ml human fibronectin (Sigma-Aldrich) overnight at 4°C. Keratinocytes were plated (30 000 cells per well) in medium in the absence of serum. Cells were allowed to adhere for 12 h at 37°C. The cells in suspension were then removed by gentle washing with PBS. Adherent cells were fixed in 3% formaldehyde and stained with Crystal violet 0.5%, MetOH 20%, rinsed three times with PBS. The dye was then eluted with 50% EtOH/0.1 m sodium citrate, pH 4.2. Absorbance at 560 nm was read in a microplate manager (Bio-Rad, Richmond, CA, USA). Nonspecific adhesion was evaluated by seeding keratinocytes either on glass or on bovine serum albumin (0.1%). For HK␤3 cells, values were corrected by the percentage of cells expressing the laminin-5.
Cell migration assays were carried out using a phagokinetic track assay following a procedure detailed previously. 17 Artificial epidermis Strips of human skin obtained from surgery were cut in 2-cm 2 pieces, placed in calcium-and magnesium-free PBS for 10 days at 37°C. The epidermis was separated from the dermis with fine forceps and the dermis was frozen and thawed 10 times. The resulting dead de-epidermized dermis (DED) was stored at −70°C until use. To reconstruct artificial epidermis, suspensions of 5 × 10 4 keratinocytes were seeded in stainless steel rings with a surface of 1 cm 2 laid on DED maintained by a grid and immersed in growth medium. The medium in the ring was changed every day. A week later, the medium in the rings was removed and the keratinocyte culture was brought at the air-liquid interface for 7 days. The medium in contact with the dermal culture substrate was changed every 2 days.
Ultrastructural analysis
Skin equivalents were fixed and embedded as previously described. 17 Ultrathin section were examined with a JEOL EM 1200 transmission electron microscope (Jeol, Croissy sur Seine, France).
